The objective of this work is to correlate the distribution of clays with the pore space and the mineralogy of authigenic clays in Saudi Arabian reservoir rocks with permeability damage, capillary pressure and wettability characteristics.
Introduction
Over the past decades, the scanning electron microscope has frequently been used as a tool in the study of reservoir rocks in terms of pore geometry, pore-size distribution and the presence of dispersed clays1)-8).
The production behavior of a reservoir can be affected by clay crystals This work discusses the role of authigenic clays in permeability reduction, determining shape of capillary pressure curves and wettability characteristics of cores from Saudi Arabian reservoirs.
Materials and Procedures
A total of fifteen sandstone and limestone fresh cores were obtained from producing areas in the north-eastern part (Alkhafji) and eastern part (Aramco) of the Kingdom of Saudi Arabia. Five samples of Berea sandstone cores were also used because of their universally acquired position in petroleum research. The mineralogical analyses of the cores and the relative abundance of clay minerals were carried out by X-ray diffraction and binocular microscope. The results are reported Data concerns one set of cores. a) Ki average initial permeability. in Tables 1 and 2 . It is seen from the tables that Alkhafji cores contain the least amount of clay. Safaniya cores contain a higher percentage of montmorillonite than Berea sandstone cores. Core plugs were cut from the center of the drilled cores using simulated formation water as the cutting fluids to reduce possible mud contamination and to preserve the original state of the cores. Formation water analysis is given in Table 313 ). The displacement procedure, used for measuring permeability damage, was started by saturating and displacing the cores with a 5wt% water solution. The cores were then displaced with solutions of decreasing concentration till arriving at use of pure water. Permeability measurements were conducted at 1,000 psi overburden pressure for each core sample. Displacement runs were carried out using 20, 15, 10, and 5wt% NaCl solutions, respectively.
The wettability was measured by the contact angle method in the absence of air, with no metal parts used in the apparatus.
It was found previously that wettability tests are extremely sensitive to air and contamination, especially aeration and introduction of trace metals14 An oil droplet was put in contact with the downward surface of a core sample and then immersed in the aqueous solution in a glass container. The oil droplet was photographed at different time intervals to investigate the change of contact angle with time, until equilibrium was reached. Equilibrium is judged to have been attained when no change in the shape of oil drop is observed. Equilibrium time was about 20h. The contact angle measured in the water phase was determined by making a tangent to both sides of the oil droplet. The precision obtained when evaluating the contact angle through the tangent The Ruska mercury injection capillary pressure apparatus was used in the measurement of the capillary pressure of the used cores. A core sample was evacuated from air in the pycnometer chamber.
Mercury was injected into the pycnometer until its level reached the reference mark (the level at which the sample would be completely covered with mercury). The bulk volume of the sample was read directly on the movable pump scale and handwheel dial. The pressure was increased until the mercury level was reduced 3 to 5mm below the reference mark. Mercury was injected again until its level raised to the reference level; the applied pressure and the corresponding volume reading were recorded. This last step was repeated several times until the pore volume of the sample was reached. Using the calibration data of the instrument, the mercury capillary pressures were calculated against percentage of mercury saturation.
Results and Discussions
Saudi sandstone reservoirs mainly belong to (Figs. 1 and 2) . Kaolinite, which is the dominant clay mineral in the cores, develops as pseudohexagonal, platy crystals scattered throughout the pore system in a random arrangement.
It effects rock petrophysical properties by reducing intergranular pore volume and by migrating with flow in the pore system rather than changing crystal lattice structure by swelling when contacted by injected water. Other SEM photo-micrographs for the same type of cores show pore walls extensively coated with clay crystals, yet the intergranular pores remain relatively open (Fig. 3) . Such cores have relatively good permeability. The micrographs of low permeability sandstone show clay crystals attached to sand grain surfaces and bridging across intergranular pore space (Fig. 4) . The percentage of clays in carbonate cores was too low to be detected by the scanning microscope (Figs. 5 and 6 ).
SEM examination of Saudi sandstones after flow tests with NaCl solutions showed that the clay coating on the sand grains had become detached and had migrated into pore throats.
Sample is given in Fig.  7 . The formation damage represented by partial blocking of openings due to dispersed clays reduced permeability ratio, i.e. measured permeability/initial permeability (Figs. 8 through 10). Safaniya cores exhibited the maximum damage. They contain a higher percentage of montmorillonite, which is one of the reasons that causes them to acquire a higher ionexchange capacity as shown in Tables 1 and 2 . This could be attributed to the fact that they had higher percentage of dispersed clays and higher base exchange capacity compared to Alkhafji cores which had lower base exchange capacity, as shown in Table 1 . The lower dispersed clay content in Alkhafji cores was the reason for showing less drop in permeability. Dispersed clays readily contact the passing fluids because they commonly occur within pores.
In contrast, laminae of clays are less affected by the passing fluids. The effect of water sensitivity on the permeability of a set of carbonate cores was studied experimentally as shown in Table 4 . It is seen that the carbonates show no water sensitivity. This could be due to the following factors: (1) the absence of swelling clay; the core analysis using Xray diffraction had proved the complete absence of swelling clays.
In fact the only observable clay in the core was kaolinite, (2) the fines occurring in the carbonate core were very strongly attached to the pore surface.
This may be due to the fact that the core was very well consolidated and this was obvious from the small porosity, (3) the absence of chemical reactions within the cores due to the scarcity of clay in the carbonate cores.
Hence, they are less water sensitive.
This was evident from the constant reading of pH and resistivity of the effluent.
It is also obvious from Table 2 that the carbonate cores have no montmorillonite, which is one of the reasons that causes them to acquire a lower ion-exchange capacity. Figure 11 represents the results of contact angle measurements for different Saudi rock surfaces using Safaniya crude oil and distilled water at after about 20h.
The rock surfaces of the different samples were water-wet. This figure  indicates that the highest contact angle was obtained when Safaniya sandstone core was used. Figure  12 shows the contact angle vs. time for Safaniya crude oils in distilled water and in 10% NaCl solution.
The contact angle increases with results show that sandstone core surfaces become oil-wet when using NaCl solutions. Due to the presence of NaCl, adsorption of ions (inorganic) at the water-oil interface may occur leading to a layer of pure water, the thickness of which is inversely proportional to the ionic concentration.
As a result, electrostatic effects and, consequently, adsorption of surface active agents may become more pronounced as the ionic Samples concentration is increased. Discrete particle, pore lining and pore bridging clays show basic difference in capillary pressure curves indicating their pore network properties15). The curves differ distinctly in shape and location (Fig. 13) .
The low initial mercury injection pressures shown by Berea sandstone and Safaniya sandstone cores are similar to values for sandstones with discrete particles, suggesting the influence of discrete kaolinite particles at low pore volumes. The shape of Alkhafji sandstone curve, however, indicates the strong influence of pore lining clays. The shape of the capillary curves may indicate the absence of pore bridging clay for the three types of sandstone cores tested. From Figs. 11 and 13 , one can notice that, as the contact angle increases, the capillary pressure decreases. A similar result was stated in reference16).
Conclusions
Based on the experimental results obtained in this work, the following conclusions are achieved. 1) A great part of permeability reduction to water can be attributed to the adsorption and migration of pore-lining clays.
2) Dispersed clays occurred in the cores as intergrown crystal linings on pore walls before displacement runs and as crystals bridging across pores after displacing the cores. 3) Discrete kaolinite and pore lining clays greatly affected the shape of capillary pressure curve at low pore volumes. 4) The presence of sodium chloride in the aqueous solution and a higher percentage of swellable clays increased the contact angle. 5) Higher permeability ratio was obtained at higher temperature for all sandstone cores used. 6) Safaniya sandstone have low permeability in relation to high permeability damage, high contact angle, low area under the capillary pressure curve and low clay properties.
